Factors that in¯uence the anode oxidation processes of aluminium and its alloys are discussed. The main parameters involved in such processes have been selected and subjected to measurement under controlled experimental conditions. The effects of the variation of the chemical, electrical and thermal parameters of the aluminium anode oxidation process on the hardness level of the resulting oxide layer have been studied. In order to quantify the relationships that govern the kinetics of the anode oxidation process, these data were subjected to analysis employing a central compositional rotatory programming matrix. Parameters employed were electrolyte concentration, temperature, current density and immersion time of the product in the electrolyte to achieve a desired oxide layer. The hardness of the resulting oxide layers is discussed.
Introduction
Developments in many technical ®elds involve intensive utilization of aluminium-based light alloys. Aluminium-based alloys have made a signi®cant impact over a wide spectrum of industrial activities, including the car industry, the chemical industry, electrotechnical aeronautics, marine applications, the food industry, and in highly innovative ®elds such as astronautics. In many important practical situations, the value of the main physical±chemical and mechanical characteristics of aluminium and its alloys can be decreased by their tendency to oxidize under the in¯uence of environment conditions. The destruction of aluminium or its alloys by physical±chemical interaction with the environment manifests itself as a nonuniform oxidation, which occurs either with linear or parabolic kinetics. Paradoxically, one of the main methods of combating the oxidation of aluminium and its alloys involves the oxidation itself. The process involved is both arti®cial and rigorously controlled, and provides the desired physical±chemical and mechanical characteristics in the super®cial layers of aluminium or its alloys by causing changes in the chemical composition of these phases. During the controlled oxidation process, the super®cial metallic layer undergoes an in situ transformation into a ®lm composed mainly of the base-metal compounds with oxygen. The oxide ®lms thus formed have thickness greater than the wavelength of light (i.e. > 4000 A Ê ) and are visible to the unaided eye. The characteristics of such layers of aluminium oxides are strictly dependent upon the conditions prevalent during the oxidation process and during any subsequent thermal process.
In the early stages of the anode oxidation process (Mondolfo, 1979) , amorphous aluminium oxide appears in the super®cial layers of aluminium or its alloys. Over a period of time, in such layers the aluminium and oxygen atoms adopt a de®nite arrangement, with O 2À ions forming a compact cubic arrangement and with Al 3+ ions ®lling the octahedral spaces of the lattice, corresponding to the well known structure ofAl 2 O 3 .
The -Al 2 O 3 modi®cation formed by low-temperature oxidation (<1200 K) has a cubic lattice with a = 7.90 A Ê , density = 3.6 g cm À3 (Kalinina, 1959) and a melting temperature (2250 K) which is much higher than that of pure aluminium (933 K) and very close to that of the high-temperature stable form of aluminium oxide, -Al 2 O 3 (corundum) [T meltingAl 2 O 3 = 2310±2320 K (Ruff, 1978; Morey-Bull, 1934; Geller & Yavorsky, 1945; Carruccini, 1949; McNally, 1961) ]. The extreme hardness of this material [2000±21000 MN m À2 (Filomenco et al., 1957) ] further justi®es the interest shown in the presence of such an oxide in the super®cial layer of aluminium or aluminium-based alloys. By using boric acid or borate-based solutions (Dekker, 1978a,b) as electrolytes in the process of anode oxidation, or by employing voltages higher than 100 V, -Al 2 O 3 can be obtained without initiating the formation of amorphous aluminium oxide in the early stages (Taylor, 1978a,b) . The presence of magnesium in low amounts (several parts per million), promotes the germination ofAl 2 O 3 (Dignam, 1978) , while the presence of copper decreases this tendency.
The stable -Al 2 O 3 modi®cation frequently occurs as a result of the oxidation of aluminium at temperatures higher than 200 K (Yamaguchi, 1978a,b; Phelps, 1978; Tajima, 1978) , the transformation of the -Al 2 O 3 state (at temperatures higher than 1173 K), or by the rapid cooling of other aluminium oxides, salts or hydroxides (Kalinina, 1959; Phelps, 1978; Mantoro, 1942; Strumpf, 1950; Tertian, 1953a Tertian, ,b, 1954 Tertian, , 1958 . The crystals are rhombohedral (trigonal system), space group R " 3c, with a = 5.13 A Ê , = 55.28 , and 10 atoms in the unit cell, or hexagonal with a = 4.76, c = 12.99 A Ê , and 30 atoms per unit cell (Swanson, 1953 (Swanson, , 1954 . The mechanical properties of this unique stable modi®cation of the aluminium oxides are very good. Similar properties are also found in the case of -Al 2 O 3 , but the advantage of the type lies in its very high stability at all temperatures [hardness (-Al 2 O 3 ) = 1900±2000 Knoop (Schrewelius, 1948 ) (equivalent to 9 on the Mohs scale); E = 404 GN m
À2
, G = 163 GN m À2 ]. Globally, the arti®cial oxidation of aluminium and its alloys is widely exploited; for over 90% of the such products, its application is used for decorative purposes, increasing corrosion resistance, enhancement of super®cial hardness, and consequently improvement of wear resistance, and for the modi®cation of electrical characteristics.
The purpose of the research described here was to characterize and quantify the effects of the variation of the chemical, electrical and thermal parameters of the aluminium anode oxidation process upon the hardness level of the resulting oxide layers.
Experimental
In order to check the hardness of the oxide ®lms formed after the anode oxidation process, the piercing hardness measurement method was used (Martens method). Martens hardness (H MS ) is de®ned as the force required to obtain a scratch of 10 mm width. The extremely small values of thickness of the oxide ®lm layer (maximum 20 mm, but frequently 10±13 mm), i.e. in the micrometre range, dictate the use of this method as it is dif®cult to eliminate the mechanical reaction of the support.
The setup used for anode oxidation, being equipped with a freon cooling system, permits change and control of the electrolyte temperature. The electric voltage at the electrolysis connectors and the current density are also closely controlled. The conditions for a rigorously controlled process and reproducibility of the results are in this way ful®lled. The samples used for this research were made of aluminium of technical purity (99.7%), with dimensions 20 Â 20 Â 10 mm. The amount of impurities, consisting of iron, silicon and copper (maximum 0.01%), did not exceed 0.3%.
Analysis of the measurements
Mathematical programming methods (Asaturian, 1983; Taloi et al., 1983; Taloi, 1989) were employed to analyse the measurements obtained in this study. This has enabled relationships that describe the kinetics of the anode oxidation process to be formulated. It is assumed that, by rigorous selection, the parameters act independently during the process. The range of values over which these parameters exert their in¯uence must be taken into account.
For the anode oxidation process of the aluminium products, the main independent variables that can signi®cantly in¯uence the kinetics of these processes are the electrolyte temperature, the time during which the product is kept in the electrolyte, the current density, and the electrolyte type and pH (Sreider, 1960; Zaretchii & Tumanov, 1950; Belobgjescku È , 1956 ). Regarding electrolyte type, Sreider (1960) has concluded that (a) for electrolyte solutions based on sulfuric acid, concentrations in the range of 10±60% (frequently used for anode oxidation) most often produce hard wear-resistant layers, and (b) electrolyte solutions based on oxalic acid are recommended to promote the anode oxidation process, resulting in the formation of wear-and corrosion-resistant oxide layers. In contrast to the sulfuric acid electrolyte category, for which the temperature and the concentration of the solution are parameters which need to be controlled rigorously, the use of oxalic acid ensures that the kinetics of the oxidation process are higher than the kinetics of the dissolution. Thus it is no longer necessary for the solution (oxalic acid) and products to be cooled.
The programming method used in the present study was a second-order compositionally rotatory centre method and the results were checked by characteristic metallographic methods (optical metallography).
Results and interpretation
Sulfuric acid solutions are the most frequently used in the anode oxidation process for obtaining thick and wear-resistant layers. The hardness of these layers is dependent not only upon concentration but also, as mentioned above, on the current density between the electrodes and the time of the process. Analysis of literature data on anode oxidation in sulfuric acid solutions gave the following ranges for the independent parameters: electrolyte temperature between 269 and 308 K; current density from 0.5 to 6 A cm
À2
; immersion time for the product in the electrolyte (as a function of the desired oxide layer thickness) between 10 and 24 min (the layers obtained under these conditions can vary within the range 5±200 mm); sulfuric acid concentration in the electrolyte from 70 to 259 g l
À1
. The base level and variation ranges of the independent parameters employed in the present work were selected in accordance with the literature data (Sreider, 1960; Zaretchii & Tumanov, 1950; Belobgjescku È , 1956) .
Taking into account the many factors known to in¯uence the hardness of aluminium oxide ®lms, the present investigation was carried out as follows. Firstly (x4.1), analysis was performed of the effects of varying the chemical and electrical parameters of the anode oxidation upon the hardness of the layer, while keeping constant the electrolyte temperature and the processing time. Secondly (x4.2), analysis was performed of the effects of varying the thermal (electrolyte temperature) and electric parameters of the anode oxidation upon the hardness of the oxidized layer, while keeping constant the sulfuric acid concentration and the processing period (time).
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Effects of varying electrolyte concentration and current density
The results are presented in Table 1 . The base level and variation ranges of the independent parameters are presented in Table 2 .
The processing and statistics checking of the experimental data according to the model imposed by the programming method led to the following particular forms of the regression equation:
for an electrolyte based on sulfuric acid, at a temperature of 303 K, and for a processing time of 15 min;
for an electrolyte based on sulfuric acid, at a temperature of 293 K, and for a processing time of 30 min. The solution is the area of the regression equation shown graphically in Fig. 1 .
Conclusions that arise from consideration of the two regression equations are as follows.
Variation of the electrolyte concentration affects the hardness of the oxide ®lm in the opposite way to the variation of the current density: the increase of the electrolyte concentration involves a decrease of the hardness of the oxide ®lm, Table 1 The central compositionally rotatory programming matrix.
The Martens hardness H MS10 is the force F(gf ) required to produce a scratch of width 10 mm. Table 2 Base level and the variation ranges of the independent parameters. Figure 1 The dependence of the hardness of the oxide ®lm obtained by the aluminium anode oxidation upon the process conditions [%H 2 SO 4 ; current density J (A cm À2 )]. T el (constant) = 293 K; t oxidation (constant) = 30 min.
Figure 2
The dependence of the hardness of the oxide ®lm obtained by aluminium anode oxidation upon the electrolyte temperature and the current density, respectively. %H 2 SO 4 (constant) = 30; t oxidation (constant) = 30 min.
whereas the increase of the current density provides an increase in hardness.
The absolute difference, as an absolute value, between the effects of changing these two independent variables upon the hardness of the oxide layer diminishes with the decrease of the electrolyte temperature (from 303 to 293 K) and the increase of the anode oxidizing time (from 15 to 30 min).
Consequently, the increase of action of the factors that contribute to the selective anode solvation of the oxide ®lm formed by anode oxidation converge to produce a decrease in hardness of the layer. The sulfuric acid concentration of the electrolyte and the electrolyte temperature can be included among these factors. Increase of current density provides a noticeable increase of the hardness by lowering the anode solvating tendency and so maintaining a high concentration in the super®cial areas.
Effects of varying electrolyte temperature and current density
In the next stage of the research, con®rmation of the effect of the electrolyte temperature upon the layer hardness as a result of the layer compactness was sought, together with quanti®cation of the effect of this property. The experiments were carried out by means of a program whose conditions were imposed by the second-order centre compositionally rotatory method. The results are presented in Table 3 . The base level and variation ranges of the independent parameters are presented in Table 4 .
The particular form of the regression equation,
and the solution area shown graphically in Fig. 2 , con®rm and quantify the effect of the variation of the electrolyte temperature upon the hardness of the oxide ®lm obtained after the aluminium anode oxidation. The analysis of the effects of the variation of chemical, electrical and thermal parameters of the aluminium anode oxidation process upon the hardness of the oxide ®lm and thickness variation allowed the quanti®cation of these effects and, moreover, con®rmed the conclusions drawn from the literature. An increase of hardness of these oxide ®lms can be obtained by changing the parameters that in¯uence the hardness level, via diminishing the anode solvation process.
Conclusions
The anode oxidation process is a technical method for improving the surface characteristics of products made of aluminium or its alloys. A rigorous correlation of the technological parameters of the process and of the kinetics of the formation or solvation processes of the oxide ®lm, provides the means for achieving this goal. For the electrolytes based on sulfuric acid, the most frequently used in the anode oxidation process, variations in concentration, temperature and current density signi®cantly in¯uence the process of formation and solvation of the oxide ®lm, and its resulting hardness. Decrease in hardness of these ®lms as a result of a selective solvation process that causes a decrease of the compactness is produced by an increase of the sulfuric acid concentration in the electrolyte and an increase of the electrolyte temperature above an optimum level. An increase of the current density provides, in all the anode oxidation processes, independently of the electrolyte type, an increase in hardness of the oxide ®lm as a result of the partial annihilation of the selective Table 3 The experiment conditions chosen for emphasizing the effect of the electrolyte temperature variation upon the oxide layer hardness (Martens hardness).
The independent variables selected in this case were the electrolyte temperature (x 1 ) and the current density (x 2 ), the other parameters, i.e. the sulfuric acid concentration of the electrolyte and the oxidizing period, being maintained at values which theoretically provide, according to the literature data, the maximum values of the hardness level (the sulfuric acid concentration of the electrolyte is 30%, close to the minimum level imposed by the mathematical model previously solved, and the anode solvating period is 30 min). Table 4 The variation range of the independent parameters. solvation of the oxide ®lm and, consequently, the increase of the kinetics of the layer formation process.
